We constructed a bacterial 16S rRNA gene clone library from the gut microbial community of O. formosanus and phylogenetically analyzed it in order to contribute to the evolutional study of digestive symbiosis and method development for termite control. After screening by restriction fragment length polymorphism (RFLP) analysis, 56 out of 280 clones with unique RFLP patterns were sequenced and phylogenetically analyzed. The representative phylotypes were affiliated to four phylogenetic groups, Firmicutes, the Bacteroidetes/ Chlorobi group, Proteobacteria, and Actinobacteria of the domain Bacteira. No one clone affiliated with the phylum Spirochaetes was identified, in contrast to the case of wood-feeding termites. The phylogenetic analysis revealed that nearly half of the representative clones (25 phylotypes) formed monophyletic clusters with clones obtained from other termite species, especially with the sequences retrieved from fungus-growing termites. These results indicate that the presence of termitespecific bacterial lineages implies a coevolutional relationship of gut microbes and host termites.
Termites live in the area from tropical to temperate zones in great abundance, and are capable of degrading various derivatives of plant materials (woods, leaves, and humus). They have a great impact on the decomposition of plant matter in nature, and play an important role, especially in the carbon cycle. On the other hand, termites are known to be a harmful insect causing damage to farm products, wooden houses, etc. The xylophagy of termites depends on digestive symbiosis established in their hindgut, which consists of both eukaryotes (protozoa and fungi) and prokaryotes (bacteria and archaea). The microbial symbionts in termite guts play an important role in lignocellulose digestion and termite nutrition, and this mutualism has been referred to as a representative model of symbiotic association between animals and microorganisms. 1) The microflora of termite guts are commonly exchanged between colony members and transmitted to the next generation via trophallaxis (proctodeal feeding), which can promote coevolutional diversification of symbiotic microbes along with the host phylogeny. Protozoan symbionts residing in classificatory lower termites are responsible for lignocellulose digestion in this termite group. They are basically host termite specific in phylogeny and composition, reflecting the obligate (mutualistic) symbiotic association between the protists and termites.
2) However, the evolutional relationships between symbiotic prokaryotes and host termites have not yet been adequately addressed, because of their enormous population and diversity.
For the last decade, microbial communities of termite guts have been investigated by rRNA gene-based molecular techniques, and our knowledge of this symbiosis has been expanded considerably. [3] [4] [5] [6] [7] [8] Recently, Hongoh et al. 9) performed comparative analysis of the bacterial community in the gut of wood-feeding termites, Microcerotermes and Reticulitermes species, based on clonal 16S rRNA genes, and showed that the community structure is basically consistent within a termite genus, and that a majority of the clones formed monophyletic clusters with sequences from other termite species. These results support the coevolution of gut bacteria and host termites, and imply the existence of bacterial lineages indispensable to their wood-feeding life style. However, such detailed investigations have been performed only for a limited number of termite species, and more information from other termite species is needed to understand better the mechanism and evolution of digestive symbiosis in termite guts.
On the other hand, some species of termites have to be controlled from the viewpoint of human beings. For this, harmful chemicals such as organophosphorus compounds have been widely used. 10, 11) Defining the microbial lineages crucial to termite xylophagy might make it possible to develop novel methods of termite extermination, as for instance by killing key microbes or disturbing the microbial community of the digestive symbiosis. Comprehensive cataloguing and comparative analysis of gut bacteria in various termite species should facilitate specifying target microbes for termite control.
The Macrotermitinae termite Odontotermes formosanus Shiraki is a notorious insect pest and an economically important termite species in Asia, because it damages agronomic crops, wooden structures, and forests, in addition, its nesting behavior underground endangers earthen dikes and dams.
12) Therefore, investigating the microbial community structure and phylogenetic relationships of the constituents in the gut of O. formosanus is meaningful not only for evolutional study of the digestive symbiosis of termites, but also for applied interests, such as termite control. On the other hand, Macrotermitinae termites are called as ''fungusgrowing termites,'' since they grow a symbiotic fungus Termitomyces (Agaricales, Tricholomataceae), on fungus combs in their subterranean nests. The fungus comb is a seedbed of the fungus made of termite feces, and these termites use the fungus as a food. Such characteristic feeding habits may lead to the formation of peculiar gut microbial communities different from those of wood-feeding species.
In the present study, we constructed a bacterial 16S rRNA gene clone library from the gut microflora of O. formosanus, from which a total of 290 clones were analyzed by restriction fragment length polymorphism (RFLP) and sequencing. Phylogenetic analysis of the cloned sequences showed that nearly half of the phylotypes were affiliated with clusters comprised of sequences reported from other termite species, which suggests the existence of termite-specific bacterial lineages and coevolutional history of digestive symbiosis of termites.
Materials and Methods
Termites. O. formosanus was collected together with its subterranean nest (fungus comb) on Iriomote Island, Japan. The fungus comb was brought back to the laboratory in polypropylene containers, and was maintained at 25 C until use. The containers were periodically moistened with water. Worker-caste termites were used for DNA extraction.
DNA extraction from termite gut. The surface of the termites was briefly washed with 70% ethanol and distilled water. Five termite guts were used for DNA extraction. Termite guts were extracted from the termite body with fine-tipped forceps, which were homogenized in 0.1 ml of TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) with a Pellet Mixer (Treff Lab, Degersheim, Switzerland). The solution was further homogenized for 30 s with a dispersing device (FastPrep, BIO101, Irvine, CA) at maximum speed. Total DNA was prepared from the homogenate with a FastDNA kit (BIO101) according to the manufacturer's protocol.
PCR amplification of bacterial 16S rRNA genes. A primer set, Eub11f3mx and Eub1511r1mx, was used for selective amplification of the bacterial 16S rRNA gene. 6) PCR was performed in 50 ml of reaction mixture (10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 , 50 mM of each deoxynucleoside triphosphate, 10 pmol of each primer, and 2.5 U of Taq DNA polymerase from Takara Bio, Otsu, Japan) using the following temperature cycling conditions: initial denaturation at 94 C for 3 min, 20 cycles of 94 C for 30 s, 53 C for 30 s, and 72 C for 1.5 min, and a final extension at 72 C for 10 min. PCR cycles were determined as described previously.
6) The resulting PCR product was cloned with a TA cloning kit (TOPO TA Cloning, Invitrogen, Carlsbad, CA) for construction of the clone library.
RFLP analysis. 16S rRNA gene clones were randomly picked from the library, and inserted fragments were amplified by PCR with a primer set, RV-P and M13-20.
6) PCR was performed under the same conditions as described above, except that the annealing step was performed at 65 C. PCR product was digested with HaeIII (Toyobo, Osaka, Japan) at 37 C for 1 h. The digest was electrophoresed on 5% acrylamide gel and stained with ethidium bromide. The restriction fragment pattern was recorded and analyzed with an image analyzer (FMBIO, Hitachi Software Engineering, Tokyo) using øX174 HincII digest as a size standard. Each clone was named with prefix BOf (Bacterial rRNA gene clones derived from O. formosanus) followed by numerals indicating the set of RFLP analysis and number of clones in each analysis. RFLP types were also represented by the names of representative clones.
Sequencing. Near full-length 16S rRNA gene sequences (approximately 1.4 kb; nucleotides 8 to 1,405 in E. coli numbering) of all representative clones with unique RFLP patterns were sequenced. The PCR product of each clone was purified using a spin column (QIAquick PCR purification kit, Qiagen, Hilden, Germany), and then used for the sequencing reaction. The sequence was determined bidirectionally with primers Eub11f3mx, Eub532r1mx, Eub514f1mx, Eub920r1mx, Eub906f1mx, and Eub1405r1mx.
6) The DNA sequence was determined by the dideoxy chain termination method with a BigDye terminator cycle sequencing kit (Applied Biosystems, Foster City, CA) and an automated DNA sequencer (ABI model 377, Applied Biosystems). The sequences determined were deposited in the DDBJ, EMBL, and GenBank nucleotide se-quence databases under accession nos. AB288874 to AB288929.
Sequence analysis. The sequences determined were analyzed using the Chimera Check program of the Ribosomal Database Project (RDP) web site to test for chimerical sequences. 13) Sequences that showed MIS values above 55 were suspected to be chimeras and were omitted from subsequent analysis.
14) Sequence alignment was performed with a Clustal X multiple sequence alignment program. 15) Ambiguously and incorrectly aligned positions were aligned manually or excluded from analysis using a SeqPup sequence editor. 16) Phylogenetic trees were constructed by the neighborjoining distance matrix method 17) in the Clustal X program with 1,000 bootstrap replicates.
Rarefaction analysis. Diversity coverage by the clone library was analyzed with Analytical Rarefaction software (version 1.3; S. M. Holland, University of Georgia, Athens, GA; http://www. uga.edu/strata/Software.html).
Results and Discussion
Bacterial community structure in the gut of O. formosanus
To investigate bacterial diversity in the digestive tract of the termite O. formosanus, a bacterial 16S rRNA gene clone library was constructed by PCR with the whole DNA extracted from the gut of the termite. A total of 290 clones were randomly chosen, and their partial sequences (about 1.4 kb) were determined after RFLP typing. As for the results, 63 phylotypes were identified based on an arbitrarily defined criterion of >97% sequence identity. Seven phylotypes from 10 clones (3.4% of the clones examined) were suspected to have chimerical artifacts based on checking with the Chimera Check program. The suspect sequences were omitted from subsequent analysis, resulting in a total of 56 phylotypes. Each clone was named with the prefix BOf, and the phylotypes were also represented by the names of the representative clones. The phylotypes and the number of clones belonging to the respective phylotypes are summarized in Table 1 . The most abundant sequence obtained was BOf1-04, which comprised 27.5% of the analyzed clones (77 clones out of 280). On the other hand, 25 out of the 56 phylotypes in this analysis occurred only once. Diversity coverage by the constructed clone library was estimated by rarefaction analysis (Fig. 1) . The rarefaction analysis revealed that the sampling depth of the clone library was sufficient to cover a majority of the bacterial diversity in the gut microflora even at the species level (97% sequence similarity criterion), as documented by the modest slope of the rarefaction curves. In addition, the rarefaction analysis indicated that since a similar curve profile was observed in the cases of 95% and 90% sequence criteria, the relevant gut bacterial community was comprised of species belonging to diverse, distantly related, taxonomic groups, rather than of various closely related phylotypes included in a limited number of lineages.
On the basis of the BLAST search, all of the sequences were classified into four phylogenetic groups in the domain Bacteria, whose distribution was as follows, Clostridiales (phylum Firmicutes), 54.3%; Bacteroidetes/Chlorobi group, 30.7%; Proteobacteria, 13.9%; Actinobacteria, 1.1% (Table 1) . Although the abundant population of fermentative bacteria such as the members of Clostridiales and Bacteroidales was consistent with the results of various termites studied so far, 3, 5, 6, 18) one of the characteristic features of the clone library for O. formosanus is that no clone affiliated with the phylum Spirochaetes was identified in our clone analysis. This result is unlikely to be due to methodological problems such as primer mismatch, because diverse spirochetal clones were detected in the gut of the wood-feeding termite Coptotermes formosanus by almost the same procedure in our previous work. 6) On the other hand, microscopic observation of the gut contents of O. formosanus showed the existence of spriochetelike cells in worker-caste termites with a population of 1:4 AE 1:6% (n ¼ 5) in the whole prokaryotic cell count (data not shown). Though the precise reason for failure to detect spirochetal clones is unclear, it might be due to our relatively small screening size (280 clones). Spirochetes are known as one of the major constituents of termite gut bacterial flora, as indicated by the fact that many PCR clones and several isolates of spirochetes have been reported from some termite guts, especially from wood-feeding termites. 19, 20) The findings obtained from some isolates revealed that the spirochetes in termites might contribute to termite nutrition via acetate production from H 2 plus CO 2 , and might play a role in the H 2 -sink in the hindgut. 20, 21) However, the population of spirochetes in the gut of another fungus-growing termite, Macrotermes gilvus, was estimated to be a relatively small fraction of the bacterial flora, in contrast to wood-feeding termites (8.8% and 4.9% of total cell count in old and young major workers respectively). 8) A similar result has been reported in the case of the soilfeeding species Cubitermes ugandensis (6.9% of total cells). 5) Combining our results and the previous observations, spirochetes were likely to be a relatively minor component of gut prokaryotic populations implying that physiological significance of spirochetes in these termite guts is trivial, in contrast to the case of wood-feeding termites.
Phylogenetic affiliation of 16S rRNA gene clones All of the representative phylotypes obtained from this study are presented in phylum or super-phylum specific trees in Fig. 2 . The neighbors of these sequences, found by the BLAST search, and representative bacteria of each phylum were included in the phylogenetic analysis. As shown in Fig. 2A , 26 phylotypes were affiliated with the order Clostridiales in the phylum Firmicutes. These phylotypes represented a total of 152 clones, and this phylum was the largest phylogenetic clade in the clone library constructed here. The most frequently identified phylotype, BCf1-04, was closely related to the isolate from forest soil, Lactovum miscens, with 93.5% the sequence similarity. The phylogenetic tree indicates that several clones related to L. miscens were also found in the guts of other termites, such as Reticulitermes speratus and M. gilvus (Rs and MgMjW clones respectively). The tree also shows that nearly half Table 1) . Half of the phylotypes (eight phylotypes and 18 clones) formed six clusters with the sequences reported from termite guts, in which four phylotypes were closely related to those from fungusgrowing termites, as shown in Fig. 2B . Some of the members of Bacteroidales in termite guts have been reported to reside in the gut as ecto-or endosymbionts of flagellated protozoa. [22] [23] [24] [25] However, the bacteroidetes found in this study were probably derived from freeliving cells or cells adherent to the gut epithelium, because no protozoan symbionts have been documented in the gut of O. formosanus.
In our clone analysis, 12 phylotypes comprised of 37 clones were assigned to the members of the phylum Proteobacteria. More than one clone was recovered from all known classes of this phylum, as indicated in Fig. 2C . Three out of 12 phylotypes formed clusters with the sequences from termite guts. Two phylotypes, BOf1-16 and 13-14, in the class Deltaproteobacteria, were separately located into monophyletic clusters consisting exclusively of clones from termite guts. The other phylotype, BOf3-11, formed a cluster near, the Acrobacter species, together with one termite clone from M. gilvus. The remaining phylotypes were spread around the phylum, without associating with termite related sequences.
In addition to the phylogenetic groups listed above, two clones were assigned to the phylum Actinobacteria, as shown in Fig. 2D . These were placed into clusters consisting only of termite related clones, which were distantly related to known species or environmental clones. One of the actinobacterial clones, BOf2-16, formed a cluster with the clones derived from R. speratus, which were probably derived from the gut epithelium, 26) but it was apparently distinct from the clones previously reported. The other clone in this phylum, BOf8-15, was also located in a lineage consisting exclusively of termite related clones. It was placed near the lineage of the genus Atopobium. However, this cluster must be an independent phylogenetic clade distinct from Atopobium based on sequence similarity (< 88:0%).
The phylogenetic analysis showed that many representative phylotypes found in our clone library are affiliated with sequences reported from termite guts. Twenty-five phylotypes out of 56 formed clusters with termite-related clones, of which more than half (15 phylotypes) were closely related to clones originating from fungus-growing termites (M. gilvus, M. michaelseni, and O. formosanus). This trend has been mentioned in studies of the gut bacterial community of various termite species. 3, 5, 6, 8, 18) Recently, a comparative study of the gut bacterial community of Microcerotermes and Reticulitermes species was conducted to elucidate phylogenetic relationships between termites and their gut bacterial flora.
9) The results showed that bacterial phylogeny and the community structure of the termite gut are basically consistent within a genus of termites. These observations and our results suggest that a majority of termite gut bacteria are specific symbionts that have coevolved with termites. Termite gut microbial communities are commonly transferred to other colony members via proctodeal feeding, and succeed to the next generation. Such vertical transmission of gut microbes must be one of the major factors promoting the formation of termite-specific bacterial lineages as a result of coevolution. However, another possibility cannot be ruled out, that it might simply reflect the similar gut physicochemical conditions shared among the termites within a taxonomic group, or among the termites of same feeding group. In addition, recently the bacterial community of C. formosanus was reported to be changed by the type of termite diet, indicating an unexpected weakness of the termite gut microbial communities. 27) Therefore, the mechanism and factors determining the community structure of termite guts are still unclear, and further studies are needed to clarify the evolution of the Termite Gut Bacterial Communitydigestive symbiosis of termites. In addition, though foreign microbes can be introduced occasionally into the gut microbial community along with food plant materials, the mechanism establishing the characteristic microbial community is also an interesting research subject. The present study indicates the existence of termitespecific bacterial lineages in the gut of O. formosanus, implying a coevolutional history of termites and their gut bacterial communities. These bacterial lineages probably play an important role in lignocellulose digestion and/or termite nutrition, and thus establish obligate symbiotic associations with the host termite.
As the next issue, their significance in the relevant symbiosis must be evaluated by, for instance, the modified culture-dependent technique.
28) It will be valuable to identify the key microbes sustaining termite xylophagy, which will be candidates for target microbes to control termites.
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